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The western Acehnese coastline in northern Sumatra, Indonesia, receded on average 110 
m due to subsidence and tsunami inundation in the course of the December 26, 2004 Sumatra-
Andaman earthquake and tsunami.  Here, we investigate the re-growth of the coast through field 
surveys, spatial imagery analysis, and numerical modeling. The coastline change was quantified 
by digitizing the shoreline on satellite and aerial images taken between 2002 and 2013 and by 
computing the shoreline change rates using the Digital Shoreline Analysis System (DSAS) 
developed by the US Geological Survey.  Shoreline analysis indicates that following initial 
erosion, the coast prograded rapidly and a wide new beach ridge formed.  Still an average of 45 
m from its initial position in 2011, the coastline, however, never fully recovered to its pre-2004 
position.  Three topographic surveys conducted in 2009, 2012, and 2013 over a beach ridge plain 
in West Aceh show that the newly formed beach ridge stands out 80 cm higher than older beach 
ridges further inland, a response to coseismic subsidence and a higher relative sea level.  Most 
recent satellite imagery and surveying data from 2013 show a renewed retreat of the coastline of 
up to 41 m since 2011.  In order to understand the coastal changes in Aceh  and the complex 
interaction of land level changes, sediment supply, and hydrodynamic parameters, we have 
applied the coastal model Unibest-TC developed by Deltares to our data.  Coseismic subsidence 
caused an increase in accommodation space which typically results in coastal retreat if the 
sediment supply is low.  While not normally a sediment poor environment, the redistribution of 
nearshore sediment by the tsunami and the building of a higher beach ridge have probably 
resulted in an overall decrease in sediment supply.  Postseismic uplift lowered relative sea level, 
typically causing progradation but with sediment loss within the system, the coastline could not 
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1 Introduction  
1.1 Tectonic setting  
The Sunda Arc marks a megathrust plate boundary, where the oceanic lithosphere of the 
Indian and Australian plates subducts under the Burma microplate, a sliver plate of the Sunda 
plate (Figure 1).  A cross-section of the subduction zone includes the following elements: at the 
edge of the overriding Sunda plate is an accretionary complex of oceanic lithosphere that was 
sheared off of the subducting Indian and Australian plates.  This is the fore-arc ridge where 
Simeulue and Nias Island sit, just 100 km east of the Sunda Trench.  Sumatra is part of the island 
arc located 250-300 km from the trench, separated from the fore-arc ridge by the Aceh basin.  
This is an area of active volcanism with over 30 volcanoes; the recently active Sinabung volcano 
in Aceh is one of the more active volcanoes on the island.   
The Arc extends from the Andaman Islands in the north to Java in the south (Figure 1).  
The fore arc geometry varies along its 5600 km length (Chlieh et al., 2007).  The depth of the 
basin and trench increases, while the sediment thickness on the subducting plate decreases going 
south and east along the arc.  The age of the seafloor offshore Sumatra is approximately 50 Ma. 
The age of the seafloor along the Andaman Islands is 80 Ma. Thickness of the sediment 
accumulated on the subducting plate is 2 km offshore Sumatra, thickening to 6 km in the north at 
the Bengal fan. 
At the latitude of Sumatra, convergence is oblique to the trench and the plate motion can 
be separated into two parts: perpendicular thrusting along the main thrust and trench-parallel, 
right lateral slip along the Sumatran fault (Figure 1; Newcomb and McCann, 1987).  The 
convergence rate is 45 mm/year and slip along the Sumatran fault amounts to 11 to 28 mm/year 






Figure 1. Tectonic map of the Sumatra subduction zone. There is a history of large seismic 
events along the Sunda megathrust. These earthquakes were generated due to the subduction of 
the Indian-Australian plate under a portion of the Sunda plate. Colored patches indicate rupture 
areas of past earthquakes. Year and magnitude of seismic events are indicated next to arrows 
pointing to the corresponding rupture areas.  The inset of Aceh shows the location of the city of 
Meulaboh and the fore-arc ridge islands, Simeulue and Nias.  This figure was modified from 
Shearer and Burgmann (2010). 
 
1.2 Seismicity 
1.2.1 Past seismicity    
Subduction zones experience the majority of the world’s seismicity.  In the last few 
centuries, quite a few earthquakes of varying sizes have occurred along the Sunda fore-arc 
(Figure 1).  Some of the largest earthquakes were felt south of the Sumatra-Andaman section,  





earthquakes (Briggs et al., 2006).  Parts of the Sumatra-Andaman segment ruptured in 1881 
during the M ~ 7.9 event, in 1941 (surface-wave magnitude Ms =7.7), and in 2002 (M = 7.3).  
All of these events were less than M < 8, i.e. prior to 2004 a complete rupture of the Sumatra-
Andaman segment had not occurred in recorded history.   
 
1.2.2 The 2004 earthquake 
The December 26, 2004 Sumatra-Andaman earthquake (M = 9.1 to 9.3) generated a 
massive tsunami that caused numerous fatalities and destroyed infrastructure along the coastline 
of Aceh, the northernmost province in Sumatra, Indonesia (Figure 1). The earthquake was 
generated 250 km southwest of Aceh at 0:58 UTC (7:58 local Indonesian time) and lasted 515 
seconds (Park et al., 2005; Shearer and Burgmann, 2010; Stein and Okal, 2007). The 2004 
rupture extended 1300 to 1500 km from 3° N at Simeulue Island to 15° N offshore Myanmar 
(Burma) (Chlieh et al., 2007).  The 1960 Chile and 1964 Alaska earthquakes were only slightly 
larger, making this earthquake one of the greatest recent earthquakes.  This was also the first 
earthquake of this magnitude to be studied in real time by global positioning systems (GPS) and 
broadband seismometers (Park et al., 2005; Shearer and Burgmann, 2010).  This resulted in a 
more complete and detailed study of the rupture. 
 
1.2.3 The 2004 tsunami 
The earthquake caused uplift offshore and subsidence near the coast, thus displacing the 
water column and causing a tsunami that traveled the Indian Ocean and arrived 15-20 minutes 
later on the Sumatran coast.  Three different waves arrived on the Acehnese coast that day (Paris 
et al., 2007).  The first was fast and only 5 m high, the second was the largest, and little was 
observed about the third.  The tsunami reached a maximum wave height of approximately 30 m 
along the northern Acehnese coast (Figure 2; Borrero et al., 2006; Jaffe et al., 2006).  The 
tsunami continued as much as 1,500 m inland with a 10 m flow depth.  Tsunami height 
decreased going south along the Acehnese coast, with a maximum height of 15 m at Meulaboh 
and inundation of 2.0-2.5 km inland. The most significant amount of damage to life and 
infrastructure occurred in the Aceh region and Thailand but the tsunami also had a devastating 





Islands (Figure 2).  The above mentioned 1907 earthquake devastated the island of Simeulue 
about a century ago, but stayed alive in the memories of the people, providing a cautionary tale 
to head for higher elevations after the ground shakes (McAdoo et al., 2006).  The memory of the 
1907 event helped save many lives on Simeulue Island during the 2004 event.  Since mainland 
Aceh had not felt a large earthquake in recent history, most of the population did not know how 
to respond after the 2004 earthquake. 
Sediment erosion and deposition occurred during different phases of tsunami inundation. 
Initially the turbulent front of the wave eroded as it moved inland, incorporating a large amount 
of sediment into the wave (Paris et al., 2007).  Near Banda Aceh all soil up to 20 m inland was 
removed and soil stripping continued to 50 m from the shoreline with little to no sedimentation 
(Moore et al., 2006).  Most of the sediment was distributed further inland as the wave lost energy 
and sediment settled out of suspension.  At Lhok Nga Bay near Banda Aceh a discontinuous 
sand sheet can be found as much as 3.5 km inland; it is 44-82 cm thick near the shore and thins 
to a few centimeters further inland (Moore et al., 2006; Paris et al., 2007).  In our study area the 
sand sheet extends up to 1.8 km inland and is up to 50 cm thick near the shore (Monecke et al., 
2008).  The sand that was deposited appears to have had multiple sources including the 
shoreface, a subtidal source, and also a possible inland source (Moore et al., 2006).  The last 
stage is the retreat of the wave as the water returned to the ocean, transporting some sediment 






























Figure 2.  Impacts from the 2004 Indian Ocean tsunami. The earthquake epicenter is shown by 
the red star and the extent of the rupture zone by the red dashed line.  The trench is outlined in 
black.  The death tolls are in parentheses next to country names.  The red triangles represent tide 
gauges and the associated time of tsunami arrival.  The red squares indicate run-up amplitudes 
for different coasts.  The blue lines show altimetry data from 2 hours following the earthquake.  
Positive amplitudes are shaded.  This figure is taken from Shearer and Burgmann (2010). 
 
1.2.4 The March 2005 Nias-Simeulue earthquake 
Another big earthquake followed the 2004 event, the M = 8.7 Nias-Simeulue earthquake 
that occurred on March 28, 2005 directly to the south (Briggs et al., 2006; Subarya et al., 2006).  
The southern limit of the 2004 rupture on Simeulue Island marks the northern extent of the 2005 
rupture area (Figure 1). This behavior indicates some sort of divide along the plate boundary that 






1.3 Interseismic, coseismic, and postseismic deformation  
1.3.1 Deformation over one earthquake cycle 
While the plates are locked above a subduction zone during an interseismic period, 
interior parts of the overriding plate are uplifted due to compression while the frontal part of the 
overriding plate  is subsiding (Figure 3a).  When seismic events occur, the built up stress 
between the plates is released.  Subsidence is felt at the coastline and the interior parts of the 
overriding plate, while uplift occurs at the trench (Figure 3b).  The abrupt, large vertical 
movements of the seafloor associated with these sudden and huge events, often result in a 
tsunami.  
 
Figure 3. Deformation associated with a subduction zone.  a) During the interseismic phase, i.e. 
between earthquakes, the plates are locked and strain is accumulating, causing subsidence close 
to the trench and uplift at the coast.  b) In the coseismic phase, during the earthquake, the frontal 
part of the overriding plate is uplifted while interior parts subside as the rupture releases the built 
up energy.  Figure taken from Leonard et al. (2004).     
 
1.3.2 Coseismic movement during the 2004 earthquake 
 During the 2004 earthquake there was subsidence along the Sumatran coast and uplift 
close to the trench (Figures 3 and 4; Subarya et al., 2006).  The western part of Simeulue Island 







coseismic subsidence along the Acehnese coast in addition to erosion from the tsunami caused 
the coastline to retreat.  The pivot line, which separates areas of uplift and subsidence and shows 
the easternmost extent of slip on the fault, was located 80 to 120 km from the trench (Meltzner et 
al., 2006).  
 
Figure 4.  Vertical and horizontal ground displacement associated with the 2004 earthquake as 
measured by permanent GPS stations and field surveys. The inset is shows Simeulue Island.  






1.3.3 Postseismic deformation 
Postseismic deformation includes afterslip, the relaxation of the mantle, and a relocking 
of the plates (Figure 5).  Following coseismic slip during the December rupture, postseismic slip 
could actually account for a significant amount of plate movement (Meltzner et al., 2006).  
Afterslip continued at least one and a half months following the main shock, releasing energy of 
about 30% of the coseismic moment (Subarya et al., 2006).   
 
 
Figure 5.  Postseismic deformation.  1) The upper plate continues to slip.  2) Next, the mantle 
relaxes due to isostatic readjustment.  3) Finally the plates relock.  The resulting horizontal 
movement for each step in the cycle is shown by the arrows.  Figure taken from Wang et al. 
(2012). 
 
Since late 2005, the island of Sumatra has been experiencing uplift at a rate of about 3 
cm/year (data analysis by Genrich, http://www.gps.caltech.edu/~jeff/sugar/, Figure 6).  This can 
be seen in data from continuously recording GPS stations in Ujung Muloh, Aceh, that are part of 
the Sumatra GPS Array (SuGAr).  Relaxation of the mantle is most likely causing the uplift 






Figure 6.   Postseismic uplift is visible from the analysis of SuGAr data from Ujung Muloh, 
Aceh, from late 2005 to 2009.  Data from Jeff Genrich at the Caltech Tectonics Observatory 
(http://www.gps.caltech.edu/~jeff/sugar/).  Unfortunately no recent data is available.   
 
 
1.4 Acehnese coast 
1.4.1 Local geology 
The field area lies west of the NW-SE striking Geumpang Line, a southwesterly directed 
thrust, where the western succession contains low-grade metavolcanics and recrystallized 
limestones suggesting a paleovolcanic arc-fringing reef environment (see Takengon Quadrangle 
by Cameron et al., 1983).  Pre-Tertiary, the area would have been part of the Woyla marginal 
basin, that later closed because of a change in the spreading direction in the Indian Ocean.  The 
early Tertiary involved tectonics and uplift with little deposition.  In the late Tertiary, 
sedimentation started during a marine transgression forming three basins, including the West 
Aceh Basin, where the field area is.   
The latest Tertiary involved a regional regression, that little is known about other than the 
West Aceh Basin seems to have merged with another basin, the West Sumatra Basin (see 
Takengon Quadrangle by Cameron et al., 1983).  After movement along the Geumpang Line, 
forming the Meulaboh Embayment, the Plio- Pleistocene Tutut formation consisting of poorly 
lithified conglomerates, sandstones, mudstones, and thin lignites was laid down (Figure 7).  This 






Near the coast, the Tutut formation is overlain by the Pleistocene Meulaboh formation 
(Figure 7).  The Meulaboh formation consists of reworked gravels, sand, and clays.  It is about 
20 m thick and the depositional environment would have been fluviatile to paralic.  Directly 
along the coast and adjacent to river valleys is alluvium from the Holocene.  
 
 
Figure 7. Parts of the Takengon Quadrangle.  The city of Meulaboh, the Lhok Bubon peninsula, 
and Woyla River are shown.  Geologic formations include Qh: Holocene alluvium, Qpm: 
Pleistocene Meulaboh formation, QTt: Tertiary Tutut formation.  This figure is modified from 






1.4.2 Field area 
This study focuses on an area located 10 km north of Meulaboh, the province capital of 
West Aceh on the western coast of Sumatra, Indonesia (Figures 1 and 8).  The field area lies 
southwest of the Barisan Mountain Range in the center of Sumatra and most of this area is 
heavily forested except for clear cut regions with palm oil plantations.  The field location was 
selected because of suitability for surveying due to the availability of trails and only little 
vegetation.  South of the field area is Lhok Bubon, a headland consisting of an old exposed reef 
complex (Figure 8).  The predominant sediment input to the system is most likely from the 
Woyla River located northwest of the field area.  Most of the population in the area lives in small 
villages along the roads and the primary occupation is fishing and farming.   
 
 Figure 8. 2005 aerial image of the Acehnese coastline showing the extent of the study area.  The 
city of Meulaboh is located 10 km to the south (see Figure 1).  The black box outlines the site of 
the topographic field surveys.  The blue inset shows the alternating sand ridges and swales 





1.4.3 Beach ridge plain 
The beach ridge plain extends from the coast 2 km inland and along the coast for 10 km 
from the headland to the Woyla River.  It consists of alternating sand ridges and swales, or 
marshy depressions of organic rich soil that run parallel to the coast.  Inland ridges mark former 
positions of the coastline (Figure 8).  This pattern indicates a prograding coastline, which built 
out at a long term rate of 1.3 to 1.6 m per year (Monecke et al., 2008).  The most seaward beach 
ridge is the widest and highest; it is 1.75 m above sea level and 143 m wide. It consists of fine to 
medium sand.  A main road runs along the coast on another prominent beach ridge further inland 
(Figure 8).   
 
1.4.4 Coastal hydrodynamics 
The surf zone is the most dynamic area for currents and sediment transport in the 
nearshore environment.  The depth of closure is considered the seaward extent of considerable 
sediment transport within the shoreface and is generally located between 5 to 8 m depth 
(Personal communication with Dirk-Jan Walstra at Deltares, The Netherlands).  Offshore particle 
motion below waves shows a circular pattern.  As the waves approach the shore, those orbitals 
compress and become more elliptical; the wave becomes taller, thinner, and travels more slowly.  
As the wave travels up the gradient of the shoreface, it reaches a point where it no longer can 
support itself; it breaks and dissipates the wave energy in the form of nearshore currents (Figure 
9).  The wave set up (ƞ) is the piling up of water against the shoreline due to breaking waves 
driving water onshore.  Wave run-up (R(t)) is the wave set up plus the swash, i.e. the residual 








Figure 9. Schematic diagram of the morphological elements along a beach profile. a) The 
dissipation of energy from waves results in currents and sediment transport.  b) Photo from the 
Acehnese coastline with some features labeled.  The surf zone is the most dynamic coastal zone 
exhibiting accretion or erosion. 
 
Nearshore currents include longshore currents, bed return flow, and rip currents.  
Longshore currents are caused by an oblique angle of wave approach and are directed shore-
parallel (Masselink et al., 2011; Figure 10a).  The strength of these currents depends on the 
incident wave height and wave angle.  Under waves, water travels shoreward on the top of the 
water column and momentum transfer causes the water to pile up when it reaches the shore, 
creating a pressure gradient.  This forces the water to flow back seaward along the bottom of the 
water column creating the bed return flow (Figure 10b). The rip current flows perpendicular to 








by longshore feeder currents.  The bars found between rip channels generally have larger wave 
energy dissipation and set-up causing a longshore pressure gradient between the bar and rip, that 
creates the feeder currents.   
 
Figure 10.  Nearshore currents: a) Longshore currents move alongshore depending on the angle 
of wave approach, b) Bed return flow shows vertically-separated circulation, c) Rip currents 
have horizontally-segregated circulation. This figure is taken from Masselink et al. (2011).  
 
1.4.5 Local hydrodynamics and climate 
The field site’s tidal range is low with a maximum spring tidal range of approximately 60 
cm (UNESCO/IOC Sea level station monitoring facility: Meulaboh station, http://www.ioc-
sealevelmonitoring.org/).  The wave climate is influenced by monsoon periods: the southwest 
monsoon occurs from April to September and is associated with more frequent storms and 





of one-third of the highest waves, is 1.2 m.  The average peak wave period (Tp), the period 
associated with the maximum energy within the wave spectrum, is 11.8 s (from modeled wave 
data by de Graaff, 2007).  The northeast monsoon during the months of October and March has 
an average significant wave height of 0.95 m and peak wave period of 10.6 s.  Waves are 
approaching from a southwesterly direction (mean wave direction (MWD) of 210° and 240°) 
with a predominant angle of wave approach of 210° (de Graaff, 2007).   
 
1.5 Previous studies 
There has been increased support and research in Aceh following the 2004 tsunami but 
there is little baseline data about the affected areas from before the event.  A 3 to 4 month study 
of northwest Sumatra by the International Tsunami Survey Team (ITST) looked into the tsunami 
run-up, elevation, flow depth, inundation distance, and sediment deposits, as well as nearshore 
bathymetry and vertical land movement (Jaffe et al., 2006).   At that time the shoreline was still 
eroding because of a slight rise in relative sea level caused by the continued subsidence of the 
coast i.e. due to afterslip.  This was a general study that focused on certain locations within 
Aceh, not including our field area.   
A study by Moore et al. (2006) of an area 16 km south of Banda Aceh looked at a 400 m 
long transect along the tsunami path.  This study mostly focused on the sediment deposits from 
the tsunami but did record the initial movement of the coast directly following the tsunami.  At 
this site the 10 m wide beach was completely removed.  At the same site Paris et al. (2007) also 
studied the sediment dynamics caused by tsunami inundation.  
A qualitative comparison of satellite images following the 2004 event, up to 13 months 
after, looked at the recovery of 175 km of coastline in northern Aceh (Liew et al., 2010).  Coastal 
recovery varied depending on the type of beach examined.  At our field site near Meulaboh the 
tsunami stripped away the beach.  The study found that, following the initial retreat, the beach 
rapidly grew back and blocked some streams.  Although the beaches accreted, they had not 
returned to the initial position within one year of the 2004 tsunami.  In comparison, at the Khao 
Lak coast in Thailand similar responses to the tsunami were seen in areas with little human 
influence (Tsuji et al., 2006).  This coast, however, has a more concentrated anthropogenic 





An investigation of the sediment record of the field area in Aceh through auger cores 
from swales revealed three older sand sheets.  They suggest tsunami inundation younger than 
1640-1950 AD, between 1290-1400 AD and 1510-1950 AD, and between 780-990 AD and 
1000-1170 AD (Monecke et al., 2008).   
A study by Meilianda et al. (2010) investigated morphological changes on two coasts 
near Banda Aceh, Ulee Lheu and Lampu Uk, 175 km to the north of our study area.  This study 
looked at changes from six months to two years following the initial 2004 event.  Ulee Lheue in 
northwest Aceh has a much rockier terrain in contrast to the sandy environment near Meulaboh.  
Ulee Lheue experienced further erosion following the loss of sediment from the tsunami.  Lampu 
Uk, however, recovered approximately 60% of the sediment initially lost to the tsunami.  The 
inherited characteristics of the beaches, i.e. sand starved or sand saturated environments, 
influenced the different reactions to the tsunami and earthquake-induced land level changes.   
 
1.6 Motivation 
The purpose of this study is to quantify the short-term coastal changes of the western 
Acehnese coast in response to the 2004 tsunami through field data and spatial imagery analysis 
and to gain a better understanding of the forces that control the coastal morphology through 
numerical modeling. Previous studies have focused on Banda Aceh and the surrounding area and 
the tsunami and its immediate effects.  Both, in the type of research we are applying and the area 
in question, our study of the western Acehnese coast is unique.  Studying beach ridge 
morphology and its response to large earthquakes can give insight into past land level changes 
during large seismic events that have affected the western Acehnese coastline throughout 
geologic history.  Quantifying the coastal change after the 2004 tsunami will provide a better 
idea how the coastline recovers after extreme events.  Examining the sediment supply and 
coastal hydrodynamics in the system will offer information on the controlling factors of coastal 
development. The eventual occurrence of another earthquake and tsunami creates the potential 
for devastation both to human lives and people’s livelihoods.  Since much of the population in 
this area live close to the beach, understanding the frequency of large earthquakes and tsunamis 
and how the coastline is recovering after such events will help to better prepare for a future 






2.1 Vertical shoreline change analysis 
Topographic surveys were used to observe vertical changes along the coast following the 
December 2004 earthquake.  Figure 11 shows the transects of three automatic level surveys 
conducted in March 2009, August 2012, and June 2013.  The turning points, or temporary 
benchmarks, in Figure 11 follow transects that run perpendicular to the coast 1800 m, 600 m and 
650 m inland, respectively. No benchmarks are available in this area, instead each transect 
originates at the current high water line (HWL), a mark on the beach delineating the furthest 
extent of the last high tide.  The dense underbrush inhibited survey work in many areas forcing 
the transect to move parallel to the coast along the main road and then further inland from a 
different point with easier access.  Depending on water depth in low-lying areas and vegetation 
patterns, slightly different turning points were used in different years.  The March 2009 survey 
was able to delve farthest inland. 
 
Figure 11.  Shoreline change and turning points from automatic level surveys.  The shoreline 
change is evident between the A) pre-tsunami September 2002 image, B) post-tsunami April 
2005 image, and C) the post-tsunami January 2011 image.  The turning points of the auto-level 
surveys are shown for the years of March 2009, August 2012, and June 2013.  Uplift of the 
whole coast is evident by comparing the flooded areas in April 2005 (B) to the same depressions 
now dry in January 2011(C). 
 
Processing of the survey data included correcting for the tidal elevation as measured at 
the nearby Meulaboh tide gauge station and comparison to the surveyed HWL.  Quality 
controlled tide gauge data processed by the University of Hawaii Sea Level Center (UHSLC) 
was used for this correction.  Sources of horizontal and vertical error in analysis include 





can be as large as ±16 m in a horizontal direction and ±0.3 m in a vertical direction  (Monecke et 
al., 2013; Table 1).  
 
Table 1. Total sum of horizontal and vertical error associated with topographic measurements 




2.2 Horizontal shoreline change analysis 
2.2.1 Spatial imaging database 
Seven georeferenced and orthorectified satellite images and aerial photographs taken 
between 2002 and 2013 were used to quantify the shoreline changes following the 2004 event 
(Table 2). The images and photographs were imported to Geographic Informational Systems 
(GIS) software ArcMap 10 and re-projected in the Indonesian Universal Transverse Mercator 
(UTM) grid.  One of the greatest difficulties in shoreline change analysis is identifying a good 
shoreline marker that is present and identifiable on all images.  The wet/dry line is defined as a 
distinct color change in the sand and shows where wet sand meets dry sand.  It marks the high 
water line (HWL), the extent of the last high tide.  This in turn is a good indicator of mean high 
water (MHW) (Gibeaut, 2001; Moore, 2000).  The wet/dry line was chosen because of its clear 
and consistent delineation on all of the images (Figure 12).  While other techniques such as 
vegetation or debris lines are frequently used, they would not be suitable for this project because 
of severe changes caused by the tsunami and rapid tropical growth.  The wet/dry line was 
digitized by picking at a scale of 1:500 and with varying pixel sizes of 0.3 to 0.8 m depending on 







Table 2.  Database of spatial imagery including the date the image was taken along with the 
corresponding monsoon period.  The Root Mean Square Error (RMSE) is calculated from the 
sum of errors related to pixel size, georeferencing, and tidal variation.   
Image Monsoon Cell-size (m) Georeference (m) Tidal Variation (m) RMSE (m) 
6/28/2013 SW 0.5 5.5 9.33 10.8 
1/31/2011 NE 0.5 3.7 9.33 10.0 
04/15/2011 SW 0.5 4 9.33 10.2 
12/08/2009 NE 0.6 1.4 9.33 9.5 
12/02/2009 NE 0.6 1.8 9.33 9.5 
06/26/2006 SW 0.8 3.5 9.33 10.0 
04/05/2005 SW 0.3 0 9.33 9.3 
09/19/2002 SW 0.6 4.5 9.33 10.4 
 
 
Figure 12.  Digitized shorelines from September 2002 to June 2013. The shorelines were picked 
using the wet/dry line as seen for the violet line in this 2013 satellite image.  All of the shorelines 
are intersected by transects set perpendicular to the baseline.  The transects were then used to 
calculate shoreline change differences between historical shorelines interpreted from satellite 






There are many challenges that contribute to the uncertainty in shoreline digitizing.  
Distortion from the camera, atmospheric refraction, and tilt can cause the image to appear 
stretched and contorted in certain places (Moore, 2000).  Georeferencing, the process of 
matching locations on images and then recasting the image, can correct for those problems.  
However, it was difficult to find multiple control points equally placed across all images.  
Therefore, the original georeferencing was used and the resulting uncertainty recorded by 
comparing the position of several mosques and the main road identifiable in most images.  It was 
also difficult to correctly trace the wet/dry line because of steps cut by waves or flooding, 
resulting in a digitizing error.  The position of the wet/dry line can migrate depending on 
seasonal, tidal, and beach slope changes (Smith and Zarillo, 1990). The images and photos are 
split between the two monsoon periods (Table 2).  Differing monsoon periods could cause a 
change in the seasonal shoreline position because of increased storm conditions during the 
southwest monsoon.  Tidal variation in each image is another source of error since the time of 
day the image was taken was unknown and there was no tidal record available for years before 
2008.  To determine the error associated with tidal variation, the beach slope and the maximum 
variation of high water was determined.  An average slope of the beachface of 0.06 was found 
from surveys between 2009 and 2013.  The maximum vertical high tide variation for one month 
in 2010 is 0.56 cm.  The resulting error due to tidal variation is ±9.33 m.  The sum of all errors is 
quantified by the root mean square error (RMSE) associated with each image and varied between 
±9.5 m and ±10.8 m (Table 2).   
 
2.2.2 Shoreline change computation 
The shoreline change rates were computed using the Digital Shoreline Analysis System 
(DSAS), an ArcGIS extension tool developed by the United States Geologic Survey (USGS) 
(Thieler et al., 2009).  An 18.8 km baseline running seaward of and parallel to the shoreline was 
defined (Figures 8 and 12) and 375 orthogonal transects, set 50 m apart, were placed 
perpendicular to this baseline across the shorelines (Figure 12).  The transects were then used to 
calculate shoreline change differences between the interpreted historical shorelines.  DSAS’s Net 
Shoreline Movement (NSM) method was used to calculate the distance between two shorelines. 





Each shoreline was compared to the next to see how the shore had changed progressively 
through time.  To maintain the integrity of the data, the tool was set to ignore transects that did 
not bisect two shorelines due to river outlets or extent of image.  In addition, average change was 
calculated for shorelines both including and ignoring outlets.  Finally, pre-tsunami and most 
recent conditions were compared.   
 
2.3 Coastal model 
 The coastal model Unibest-TC was used to investigate the sediment transport in a 2D 
time-dependent cross-shore model of a section of the Acehnese coast (Bosboom et al., 2000; WL 
| Delft Hydraulics, 1999).  This model calculates profile changes imposed by net sediment 
transport taking into account sediment parameters, waves, tidal currents, and wind.  The Unibest-
TC model is normally applied to examine how cross-shore profiles develop under seasonal wave 
conditions or during bar generation, and to evaluate the possible response to beach nourishment 
or sand extraction projects.  An overview of the Unibest-TC model is provided in the next 
section.  An extensive explanation of the Unibest-TC model formulations is beyond the scope of 
this thesis and not necessary for our application.  For a more detailed examination of the 
Unibest-TC model formulations consult Bosboom et al. (2000).   
 
2.3.1 Run parameters 
The boundary conditions for waves include the initial root-mean square wave height 
(Hrms,0), referring to the square root of the mean squared wave height of an entire wave spectrum, 
the angle of wave incidence (Ɵ0), and the peak wave period (Tp, 0), the period associated with the 
maximum wave energy in a wave spectrum (Figure 13).  The boundary condition describing the 
tide comes from recorded tidal elevations (h). The tidal velocity (vtide) can be computed from the 
water depth. The bed is described by the bottom profile (zb) within the coordinate system (x,z) 
and grain size parameters of the bed including the median grain diameter D50 and the grain 
diameter below which 90% of all grains in a grain size distribution are smaller (D90).  Suspended 
sediment is described by the median grain diameter of the suspended sediment (Dss).  The bed 
friction factor under waves (fw) and currents (fc) depends on the roughness of the bed (kw, ks,w, 





parameters are not free parameters but are computed from other input values, e.g. the grain size. 
The boundary conditions for wind include the wind velocity (uwind) and wind direction relative to 
shore normal (Ɵw).  We ignored wind transport when applying the model to the Acehnese 
coastline.  
 
Figure 13.  Overview of the Unibest-TC sub-models.  The five models include wave 
propagation, orbital velocity, mean current profile, bed load, and bed level changes.  The input 
parameters for each model include user defined and default values along with derivations from 






2.3.2 Overview of sub-models 
Five sub-models are incorporated into the coastal model Unibest-TC: wave propagation 
model, mean current profile model, wave orbital velocity model, bed load and suspended load 
transport model, and bed level change model (Bosboom et al., 2000; Figure 13). The wave 
propagation model takes into account the effects of shoaling, refraction, and energy dissipation to 
estimate the wave energy decay of a wave as it approaches the shore (see section 1.4.4, Figure 9). 
The mean current profile model looks at the current velocities in the longshore and cross-
shore direction, which are influenced by wave breaking, bottom energy dissipation, and the slope 
of the water surface due to wave set-up.  The pressure gradient due to wave set-up causes the 
vertical current distribution along the water column in the nearshore zone: shoreward mass flux 
at the top of the column and a seaward return flow at the bottom (see section 1.4.4, Figure 10).  
The longshore currents are driven by the incident wave angle and wave height.   
The wave orbital velocity model creates a time series of the near-bed wave orbital 
velocities.  Under oscillatory flow, the boundary layer, the fluid closest to the bed and influenced 
by frictional forces, grows and decays twice during a wave cycle (Masselink et al., 2011).  
During the forward motion of the wave the near-bed flow velocity accelerates, then decelerates, 
and crosses zero.  The flow velocity switches direction as the wave moves backward, accelerates 
again and then decelerates.   
Sediment transport is treated separately within the bed load and suspended load model.  
Bed load transport includes sediment transport by continuous (traction) or intermittent (saltation) 
contact with the bed (Masselink et al., 2011).  Bed load transport is largely dependent on bed 
shear stress exceeding the critical shear stress relative to the sediment properties (Bosboom et al., 
2000).  The bed shear stresses are computed using a time-series of the near-bed wave orbital 
velocity and the time-averaged current velocity near the bed.  Suspended load refers to sediment 
within the water column held in suspension by turbulence created by currents and waves. The 
suspended load transport is mostly controlled by the mean flow velocities and the suspended 
sediment flux.   
The bed level change model then uses a depth-integrated mass balance that takes into 
account all the transport rates along the profile (Bosboom et al., 2000). The bed-level changes 





2.3.3 Model preparation for the Acehnese coast 
A main input file, the data definition file, sets the grid size of the model and defines the 
general parameters, such as wave and current related hydrodynamic parameters, grain size 
parameters, transport parameters, and boundary parameters.  For certain run parameters default 
values from the literature were used because they are estimated for a wide variety of conditions, 
e.g. water temperature is set to T=10º C or current related roughness is set to ks,c = 0.01 as 
obtained from delta flume experiments (Ruessink et al., 2007).  The input boundary parameters 
include time series for tidal water levels and wave conditions, created at the seaward boundary of 
the model.  An initial seabed profile provides a bottom profile for the model to use.  The output 
file is visualized using the post-processing tool Delft3D QUICKPLOT, which allows the user to 
open, view, and export the model output.   
 
2.3.3.1 Tidal water levels 
A tidal station near Meulaboh provided raw tidal data at one second intervals for a period 
of one year starting from November 2009 to October 2010 using both pressure and radar sensors 
(UNESCO/IOC Sea level station monitoring facility, Meulaboh station, http://www.ioc-
sealevelmonitoring.org/).  Pressure sensors work by recording the pressure differences of the 
overlying water column.  A pressure sensor that has not received frequent maintenance could 
have been moved or altered during a large storm event resulting in false data (Personal 
communication with Andrew Matthews at the National Oceanography Centre in the UK).  A 
radar sensor sends a signal down to the water surface and records the location of the water level 
in relation to the sensor elevation.  Discontinuities in the radar sensor data are possible if the 
operator has changed settings in the logger and it has temporarily ceased output.  The radar 
sensor data was selected for use within the model because it is a more reliable instrument.  
Raw data presented a few challenges for use in the model.  The data had gaps of up to 12 
days within the series, outliers such as extreme jumps or falls, and false data that did not fit 
within the oscillations (Figure 14).  This tide data was imported into a Python script as a comma-
separated values (CSV) file to filter the data (see Appendix i).  The date was converted into 
seconds from the start of the epoch and inserted into a Python list.  The associated water level for 





data from only the top of every hour.  To locate missing data, the list of times was iterated 
through to find which hours were missing.  Those hours were then inserted into the time list and 
a place holder value into the corresponding tidal water level list.  This is necessary to keep the 
correct spacing within the tidal cycle.  Next, outliers were found in two ways: by allowing a 
certain accepted height interval in the tidal range and a linear regression.  The interval was used 
to prevent a long string of outlying data.  A linear regression was applied to the previous five 
data points to predict the next expected data point in the tidal cycle.  The predicted point was 
then compared to the actual next data point to make sure that it was in a close range.  Missing 
data or outliers were replaced with an average taken from the corrected data.  The datum of the 
tidal station was used, resulting in a tidal range between 5 to 6 m above the datum.  All data 
points were subtracted from the interpolated average, resulting in a new average sea level of 
zero.  The lists were then exported back to Excel to be used within the coastal model (Figure 14 








Figure 14. Tidal data from Meulaboh over a ten day period.  a) Partial raw tide data from 
November 2009 to October 2010 as collected by a tide gauge station in Meulaboh (operating 
since 2008). b) Processed tidal data.  The the raw data was reduced to one point for every hour. 
Missing data points were flagged and replaced with an interpolated average. Outliers were found 




















Table 3.  Example of time series of tidal water levels as used in the boundary condition file.  The 
water level data is processed 1-day data from the tide gauge station in Meulaboh.   
 
 
2.3.3.2 Wave conditions 
The wave height, peak wave period (Tp), and mean wave direction (MWD) were used 
within the model as part of a boundary condition file within a time series.  Modeled wave data at 
8 m water depth for an area offshore of Meulaboh was used as the closest approximation to the 
wave climate of our field area (de Graaff, 2007).  With limited access to the wave model data, 
we used graphs and tables from de Graaff (2007) to create a time series.  Significant wave 
heights and root-mean square wave heights were used within the model.  The relationship 
between the two wave height parameters is Hs = 1.41Hrms. To obtain data over one year, wave 






























roses with significant wave height occurrences represented as bars for the NE and SW monsoon 
were interpreted in conjunction with joint-probability tables for Hs, Tp, and MWD (Figure 15).  
The two monsoon periods were treated separately with a 184 day period for the October to 
March NE monsoon and a 181 day period for the April to September SW monsoon.  Two 
different angles of wave approach, 210° and 240°, occur.  The coordinate system for the coastal 
model has an x-axis perpendicular to the shoreline, increasing positive towards land. The y-axis 
is 90 degrees counterclockwise to the x-axis and the z-axis is perpendicular to both the x and y 
axis with positive values going up.  Within this system the wave angle is described as the angle 
between the x-axis and the direction of wave approach with positive angles counterclockwise 
from the x-axis.  The resulting two wave angles for this area are 17° and -13°.  To determine the 
conditions for each monsoon period, the average percentages of wave angle, wave height, and 
wave period are needed.  Using the 20% scale bars in the graph in Figure 15 the percentage of 
each wave height for each wave angle during each monsoon period was measured.  Using 
additional data tables that related wave periods and wave heights for the area, the percentage of 
each wave period corresponding to a specific wave height was found.  Each data point was set to 
be a half day long and the time series to last one year.  To account for random and normal storm 
conditions, data points with significant wave heights greater than 2 m during the SW monsoon 
and greater than 1.5 m during the NE monsoon were marked as storm events.  These “storm” 
events were grouped as 12 hour to two day blocks and placed at different intervals with a few 
days of “calm” conditions in between.  Both the storm and calm periods were randomized 






Figure 15. Wave model data for the northern Sumatra coast for a whole year from de Graaff 
(2007). The 7
th
 wave rose from the Northwest is closest to the field area.  The corresponding 








Table 4.  Time series for angle of wave approach, significant wave height, and wave period for 
use in the boundary condition file. The annual probabilities of occurrences of significant wave 
height, wave period, and angle of wave approach from both NE and SW monsoon seasons as 
extracted and modified from modeled wave data from de Graaff (2007).  This 10 day period is 
from the southwest monsoon during relatively rougher and stormier conditions.   
 
 
2.3.3.3 Grain size parameters 
Sediment samples were taken at multiple locations in the near shore environment in 2007 
and 2013.  These samples were analyzed using a Malvern Mastersizer and Beckman Coulter LS 
13 320 Particle Size Analyzer.  Grain size distributions varied between D50 = 288.2 µm and D90 = 
450.0 µm for the beachface in 2013 and D50 = 179.689 µm and D90 = 370.080 µm for the 
shoreface in 2007.  The median grain diameter of suspended sediment (DSS) is very difficult to 
measure in the field but according to Van Rijn (1987) DSS is usually within 60-100% of D50 of 
the bed sediment.  With D50 = 0.000180 m set, DSS = 0.000160 m is within the acceptable range 
and was chosen for use in the model.  For D50 = 0.000288 m the model used DSS = 0.000230 m. 
Time (day) Angle (deg) Hs (m) Period (s)
0.5 17 1.0 10
1 17 1.0 12
1.5 17 1.0 12
2 -13 1.5 16
2.5 -13 1.5 16
3 -13 2.0 14
3.5 17 2.0 12
4 -13 1.0 12
4.5 -13 1.5 12
5 -13 1.0 12
5.5 -13 1.5 12
6 17 1.0 10
6.5 17 1.0 10
7 17 1.0 14
7.5 17 1.0 10
8 -13 1.5 8
8.5 17 1.0 12
9 17 1.0 8
9.5 17 1.0 10





2.3.3.4 Cross-shore varying grain size 
 The grain size can be varied linearly along the profile by multiplying the grain diameter 
by specified parameters at set depths (WL | Delft Hydraulics, 1999).  The model was run with 
both constant grain size over the entire shoreface and decreasing grain size with increasing depth 
as it is often observed on wave dominated shorelines (Masselink et al. 2011).  
 
2.3.3.5 Developing an initial seabed profile 
An equilibrium profile that is in balance with the prevailing sedimentary and 
hydrodynamic conditions is necessary as a starting profile in which to test and control varying 
hydrodynamic conditions and coastal changes.  To develop an equilibrium profile an initial 
seabed profile has to be provided.  Detailed bathymetric surveys of the field area have not been 
carried out; therefore several different techniques were employed to approximate bathymetry for 
the area.  The first attempt combined the foreshore slope of the 2009 topographic survey, rough 
bathymetry from a tsunami hazard map (Bappeda, 2011) and a Dean Profile that connected the 
two (Figure 16, see explanation of Dean profile below).   
The second profile used the same foreshore slope from 2009, a Dean profile, and a 
bathymetric survey from 2005 conducted by the USGS near Kreung Sabe (unpublished data 
from Gelfenbaum, 2005). A third source of bathymetric data for the field area became available 
only later on in the project in the form of a Navy chart from offshore Suak Timah, our study 
area, surveyed on an unknown date.  The chart was made available by Widjo Kongko, Coastal 
Dynamics Research Institute, BPPD, Yokyakarta, Indonesia. Since it became available later, it 
was only used for cross-checking modeled profiles.  The following is a more detailed description 






Figure 16. Initial seabed profiles of the study area.  To develop one of the profiles, the foreshore 
slope from the 2009 topographic surveys of the coast, the 2005 bathymetric survey from 4 to 17 
m depth conducted by the USGS near Kreung Sabe, and a Dean profile merged into one cross-
shore profile. Another profile with a shallower slope consists of the same average foreshore 
slope, a Dean profile, and bathymetry from a tsunami hazard map.  The third profile uses the 
same foreshore slope and bathymetry from a Navy chart from offshore Suak Timah. 
 
The first profile is based on the tsunami hazard map that includes the field area and has 5 
m contours from 0 to 45 m depth (Bappeda, 2011). The date when this bathymetry was taken is 
unknown. The resulting profile is a shallow profile with only few data points (Figure 16).  The 
second profile based on a bathymetric survey done by the USGS near Kreung Sabe, farther north 
of the field area, starts about 250 m offshore and extends for 2000 m seaward (unpublished data 
from Gelfenbaum, 2005).  The data comprises eleven bathymetric lines that run perpendicular to 
the shore and one profile that runs parallel to the shore, bisecting the eleven lines about half way 





profile in 2D.  All eleven lines were compared; line 5 was chosen because unlike many of the 
other lines, it showed consistent bathymetry and it was one of the longest profiles.  The distance 
to the shore was recorded as the starting point of the profile and was connected through a Dean 
profile to the topographic survey.    
Dean profiles are based on an equation developed by Dean (1991) that relates water depth 
(h), a sediment scale parameter (A), distance along a profile (x), and a profile shape factor (m): 
h = Ax
m 
A profile shape factor of 2/3 was used, since it is a generally accepted value (Masselink 
et al., 2011).  The sediment scale parameter is based on the sediment fall velocity, which is 
related to sediment size.  For sandy beaches an accepted range for the sediment scale parameter 
is 0.05 to 0.25 (Dean, 1991).  For the first profile, connecting the tsunami hazard map 
bathymetry to the survey data, a sediment scale parameter of A=0.0936 was determined using 
our measured D50 = 0.18 µm and a relation between the sediment scale parameter and grain size 
from Dean (1997).  For the second profile that used bathymetric data from Kreung Sabe the 
previous Dean profile was too shallow.  A different sediment scale parameter was calculated 
using the Dean equation with the first data point from the bathymetric survey and its distance 
offshore.  The obtained sediment scale parameter of A = 0.122 relates to a median grain size of 
280 µm to 290 µm (Dean, 1997) which is within the sediment grain size distributions we have 
measured for this area.     
The final steps in creating an equilibrium profile are discussed further in the results 
section.  
  
2.3.3.6 Grid size 
 The seaward extent of the model is located 1000 to 3000 m from the shoreline. The grid 
moves landward with a fining of the cell sizes from 50 to 2 m. The grid extends landward by an 







2.3.3.7 Run time  
 The length of the model run was set to one, five, or eight years depending on the purpose 
of the run.  During the 365 day run a time step of 1/16 of a day was used resulting in 5,840 time 
steps.  For the output, a data point for only every half day was recorded to accelerate viewing of 
the data and to cut down on file size.  In additional runs over 5 and 8 years, a time step of 1/16 of 
a day was used resulting in 29,200 time steps and 46,720 time steps, respectively.  Data output 
for the 8 years runs were reduced to every 5 days.   
 
2.3.3.8 Simulation of uplift 
 The water levels within the boundary files can be gradually lowered to simulate coastal 
uplift, i.e. relative lowering of sea level. Postseismic uplift of 3 cm per year that the area has 
experienced since late 2005 (see Figure 6) was incorporated into the water level boundary 
condition file by consistently decreasing the water level for each time step over five and eight 
year periods.   
 
2.3.3.9 Variation of offshore sediment transport  
 To increase or decrease offshore sediment transport the viscosity coefficient of the 
vertical velocity profile (FCVISC) can be changed.  The FCVISC is part of the depth-averaged 
eddy viscosity, an apparent viscosity due to turbulence that is generated e.g. by the breaking of 
waves and the onset of currents.  Commonly values for FCVISC vary from 0.1 to 0.05 (Bosboom 
et al., 2000).  FCVISC effectively changes the time scale of coastal change by speeding up or 
slowing down any changes to the coast.  A decrease in this coefficient causes the velocity profile 
of the bed return flow to vary more quickly with depth, thus increasing offshore directed flows 
near the bed and therefore increasing offshore sediment transport (Ruessink et al., 2007).  
Sediment cannot leave the system but is stored beyond the depth of closure making it unavailable 







3.1 Vertical shoreline change analysis 
 The results of the three topographic surveys in 2009, 2012 and 2013 are summarized in 
Figure 17.  The most seaward beach ridge that formed following the 2004 tsunami stands out 80 
cm taller than older, lower beach ridges further inland.  The height of this beach ridge is 1.75 m 
above sea level and the width is 143 m.  This beach ridge experiences overtopping and flooding 
all the way to the tree line or first swale during large storm events as reported by a local 
fisherman in June 2013.  Inland of the new beach ridge are alternating ridges and swales.  Beach 
ridges vary in width from 10 m to 50 m and the swales vary in depth from 0.5 m to 1 m.  An 
additional prominent beach ridge, where the main road is situated, is located approximately 600 
m inland of the shoreline.  A comparison between the three surveys shows that the coast has been 
uplifted from March 2009 to June 2013. The two later surveys show continuous coastal retreat. 
By June 2013, the beach ridge front is located approximately 30 m landward from its March 
2009 position.   
 
Figure 17. Measured beach profiles showing coastal uplift and the retreat of the shoreline from 
2009 to 2013. The three topographic surveys show that the top of the newly formed post-2004 





3.2 Horizontal shoreline change analysis 
 The Acehnese coastline experienced three different stages of shoreline change: the 
immediate retreat following the December 2004 event, the regrowth of the coast in the following 
years, and a more recent retreat (Table 5, Figures 12, 18, and 19).  The changes that are 
discussed below are average values along the entire coastline of the study area and disregard 
areas around outlets; additional values including changes around outlets can be found in Table 5. 
Comparison of pre-tsunami September 2002 to post-tsunami April 2005 imagery, show an 
average shoreline retreat of 110 m.  Following the initial retreat, the coast prograded an average 
of 22 m from April 2005 to June 2006 at a rate of 18 m/year.  This fast accretion slowed to 9 
m/year from June 2006 to December 2009 with an additional average progradation of 30 m.  
From December 2009 to January/April 2011 the coast showed minimal retreat or growth with 
minor growth of 8 m in the north and a slight retreat of 4 m in the south.  In January/April 2011 
the coast was still 45 m from its initial position in September 2002.  Surprisingly, from 
January/April 2011 to June 2013, the coast showed a renewed retreat.  There was an average 
recession of 41 m at a rate of 17 m/year from January/April 2011 to June 2013, culminating in 
the June 2013 shoreline being located 87 m from its initial position in September 2002.   
 There are three outlets along the study area that experienced sequences of strong erosion 
and subsequent closing by barrier formation.  Outlet 1 and 2 are both outlets of the Woyla River.  
Outlet 1 along transects 41-104 in the northern part of the field area was re-opened by April 2005 
from what was a closed off outlet in September 2002 (Figures 8 and 18).  By June 2006 the 
outlet was closed off again and had no access to the ocean.  Outlet 2, along transects 154-176, 
existed before the December 2004 tsunami but was widened during that time.  Outlet 2 has 
migrated to the north, with sediment depositing along the southern bank and erosion along the 
northern bank.  Outlet 3, along transects 267-272, and about 5 other small creeks that existed 
along the coast in September 2002, were probably widened in December 2004, but were closed 
off by April 2005.  In December 2009 outlet 3 reopened, migrated south until January/April 2011 





















































































































































































































































Figure 19. Average location of each shoreline in relation to the baseline without considering 
outlets.  Uncertainties are recorded in Table 2. 
 
 
Table 5.  Average shoreline change between subsequent shorelines.  Calculations “without 
outlets” include only transects that were not influenced by outlet migration or opening and 




Average (m) Rate (m/yr)
Period with outlets without outlets with outlets without outlets transects used
9/19/2002 to 4/5/2005 -134.3 -109.7 n/a n/a 32-371
4/5/2005 to 6/26/2006 55.3 22.0 45.1 17.9 19-371
6/26/2006 to 12/2/2009 27.2 25.9 7.9 7.5 120-372
6/26/2006 to 12/8/2009 38.3 n/a n/a 11.1 32-127
12/2/2009 to 1/31/2011 -4.0 -4.0 -3.5 -4.0 120-314
12/2/2009 to 4/15/2011 -0.9 -1.2 -0.7 -0.9 234-375
12/8/2009 to 1/31/2011 8.5 n/a n/a 7.4 33-127
1/31/2011 to 6/28/2013 -35.9 -38.0 -14.9 -15.8 33-314
4/15/2011 to 6/28/2013 -47.4 -47.4 -19.7 -19.7 234-346





3.3 Coastal model analysis 
 Over 80 model runs were performed comparing a variety of different parameters and 
their effects on the initial seabed in order to develop an equilibrium profile, during simulation of 
land level changes, and varying offshore sediment transport (see Appendix ii).  Model runs that 
applied the same sea level and offshore sediment transport changes but differed e.g. in grain size, 
show similar behavior; therefore only one model run is used to show the general trend.  The runs 
selected showcase how changes in grain size, grain size variation with depth, wave height, sea 
level, and offshore sediment transport affect the seabed.  Instability within the model does occur 
in a few model runs.  Changing the time step often helped reduce these instabilities.  Minor 
instabilities still occurred in some areas but the profile still showed the general trend of coastal 
development.  
3.3.1 The equilibrium profile 
To create an equilibrium profile, the model is run using the created initial seabed profile 
under normal hydrodynamic conditions.  Normal hydrodynamic conditions refer to the prevailing 
tidal and wave conditions as determined for our field area.  We chose the initial seabed profile 
C3 with bathymetric data from Kreung Sabe because it was a more detailed bathymetric survey 
and it was conducted in 2005 right after the tsunami.  In model run C6 with the finer grain size 
that decreased with depth and significant wave height, the initial profile was run over a one year 
period after which the landward 400 m of the profile accreted, became shallower and finally 
stabilized (Figure 20).  A nearshore bar developed at 2-6 m depth, moving landward or seaward 
depending on storm events.  After approximately 200 days the major changes to the profile have 
occurred and the general shape of the equilibrium profile has been established.  The slope from 
the water line to the bar matches the bathymetry from the Navy Chart of our area, suggesting that 
the equilibrium profile is an accurate representation of the bottom profile in the field area.  Using 
the same initial seabed profile, different grain size parameters and wave heights were tested to 





Figure 20. Development of an equilibrium profile with model run C6.  The application of 
normal hydrodynamic conditions (including fine grain size that varied with depth and Hs) over a 
one year period on the initial profile (C3, blue line, day 1) creates an equilibrium profile (D7, 
orange line, day 365), which can be used for further analysis. Initial profile C3 combines Kreung 
Sabe bathymetry, Dean profile with A=0.122 mm, and 2009 foreshore slope (see Figure 16). The 












3.3.2 Grain size of the initial seabed 
 Different grain sizes as measured in the field were tested under normal hydrodynamic 
conditions to determine how they effect changes in the seabed and the resulting equilibrium 
profile (Figure 21).  The finer grain size of D50= 180 µm is used within model run F4.  The 
coarser grain size of D50= 280 µm is used within model run G1.  In both runs a constant grain 
size over the whole profile was used. The profile with the finer grain size erodes more above the 
bar and moves that sediment further offshore.   
Figure 21. Model run comparing fine and coarse grain sizes of the initial seabed under normal 
hydrodynamic conditions.  Profile C3 shows the initial seabed, model runs G1 and F4, represent 
the bottom profile after 1 year.  Model run G1 uses a finer grain size of D50= 180 µm.  Model run 
F4 uses a coarser grain size of D50= 280 µm.  The profile erodes more in the case of a finer grain 





3.3.3 Grain size variation by depth of the initial seabed  
 The model allows grain size variation with depth, decreasing the grain diameter as depth 
increases. Comparison of model run F4 with constant grain size and model run H1 with cross-
shore varying grain size showed negligible differences (Figure 22).  The profile with constant 
grain size eroded slightly more and appears to have transported a small amount of sediment from 
above the waterline to a point seaward of the bar.   
 
Figure 22.  Model runs with constant and decreasing grain size with depth.  Profile C3 shows the 
initial seabed and the other two profiles, model runs F4 and H1, represent the bottom profile after 
1 year.  Applying a constant grain size throughout the cross-shore profile in model run F4 results 
in indistinguishable changes compared to the profile in model run H1 using depth-dependent 






3.3.4 Wave height variations applied to the initial seabed 
 Different wave heights were applied to the initial seabed (Figure 23).  Larger wave 
heights, as seen in model run C6, are significant wave heights (Hs) from modeled wave data from 
de Graaff et al. (2007).  The smaller wave heights, used in model run H1, are root-mean square 
wave heights (Hrms) derived from Hs.  The increase in wave height causes further erosion of the 
initial profile and also reworks sediment at a deeper depth in the profile, thus pushing the depth 
of closure further offshore.   
Figure 23. Profile changes compared to varying wave heights.  Profile C3 shows the initial 
seabed and the other two profiles, model runs C6 and H1, represent the bottom profile after 1 
year.  Model run C6 uses the larger significant wave height (Hs).  The smaller root-mean square 
wave height (Hrms) was used in model run H1.  Larger wave heights cause more erosion and 





3.3.5 Normal hydrodynamic conditions 
To check the stability of the equilibrium profile, model runs were performed using the 
equilibrium profile and normal hydrodynamic conditions over 5 years (Figure 24).  Normal 
hydrodynamic conditions are the same conditions used to develop the equilibrium profile.  
Model run F14 uses the equilibrium profile E5 developed with a constant fine grain size and the 
smaller wave heights.  Throughout this period, the profile cycles through periods of erosion and 
accretion associated with different monsoon periods.  The first half of each year the profile 
experiences the stronger wave conditions of the SW monsoon; the outcome is an erosional 
profile with sediment transported from above the waterline and shallow depths seaward of the 
bar (e.g. days 181, 546).  The second half of each year the NE monsoon is dominant with 
relatively calmer conditions; the profile shows accretion (e.g. days 365, 730,).  Individual storm 
events are visible by a back and forth movement of the offshore bar during the model runs.  At 
the end of a 5 year period additional sediment has been transported from above the water line 
and accretion has occurred along the rest of the profile but the relative shape of the equilibrium 
profile is maintained. The most likely cause of the ongoing erosion is sediment being 
continuously transported farther offshore beyond the reach of nearshore processes, thus being 











Figure 24. Model run F14 over 5 years of normal hydrodynamic conditions using the 
equilibrium profile E5 developed with a constant fine grain size and smaller wave heights.  a) 
Different profiles represent different days within the 5 year run.  The profile changes depending 
on the time of year.  Days within the SW monsoon with stronger wave conditions equal more 
erosion (green shades, days 181 and 546). Days within the NE monsoon with calmer wave 
conditions result in more accretion (pink shades, days 365, 730).  This cycle of erosion and 
accretion occurs each year, with accretion to the shallow part of the profile, and transport of 
sediment from above the water line to further offshore. A general erosional trend is visible over 
the 5 year period.  b) Detail of upper shoreface. 
 
3.3.6 Relative sea level change 
Using the equilibrium profile E5 that used a constant fine grain size and the smaller wave 
heights, a relative sea level fall of 3 cm per year was applied over 5 years (model run F11) and 
compared to the previous run (model run F14, see Figure 24) that did not incorporate any sea 






profile that shows major erosion above the waterline, while accreting and flattening directly 
offshore.  A pivot line, the intersection of model runs with the equilibrium profile, represents the 
point where the profile switches between accretion and erosion. Sea level fall causes the pivot 
line to drop; resulting in more erosion in the shallow part of the shoreface (above 2 m depth) and 










Figure 25. Model runs comparing constant sea level to sea level fall and otherwise normal 
hydrodynamic conditions.  a) The initial profile is the equilibrium profile E5 developed using 
constant fine grain size and smaller wave heights.  The model run F11 applies a sea level fall of 3 
cm year.  Both runs are over a 5 year period and develop a typical erosional profile but sea level 
fall causes transport of sediment further offshore. b) Detail of upper shoreface.  Instabilities are 
visible close to the still water line but the profiles still show the general trend of coastal 
development. 
 
3.3.7 Offshore sediment transport 
The offshore transport parameter (FCVISC) was changed in order to simulate increased 
offshore sediment transport, i.e. a sediment poor environment (Figure 26). The initial profile D7 
created from the equilibrium profile C6 and the model runs E3, F3, and E4 all use the fine grain 
size that decreases with depth and larger wave heights along with a 3 cm fall in sea level.  With 
the default offshore sediment transport (FCVISC=0.1), model E3 shows a typical erosional 






seaward of the initial shoreline.  An increase in offshore sediment transport (decreasing 
FCVISC) causes faster erosion of the profile compared to profile E3:  Model run F3, with 
slightly increased offshore transport, shows further erosion but still maintains a shoreline that is 
seaward of the original one, although landward of model run E3’s shoreline.  Increasing offshore 
sediment transport further (model run E4) results in intense erosion and displacement of the 
shoreline landward of the original one.   
Figure 26.  Model runs with applied relative sea level fall and changes to offshore sediment 
transport.  The initial profile D7 is the equilibrium profile developed from the initial profile C3.   
The other three model runs, E3, F3, and E4, represent the bottom profile after 8 years.  Model 
run E3 experiences a relative sea level fall of 3 cm per year and a normal offshore sediment 
transport (default FCVISC).  The result is a typical erosional profile.  By increasing offshore 
sediment transport in model runs F3 and E4 the profile erodes more quickly.  The corresponding 
drop in the still water line initially shows progradation of the shoreline (intersection of still water 
line with profile E3) but with more offshore sediment transport the shoreline gets displaced 






The western Acehnese coast subsided and eroded during the 2004 earthquake and 
tsunami and was displaced up to 110 m landward. This was followed by rapid growth of a new 
wide beach ridge that is higher than ridges further inland.  The same general coastal development 
was evident along the entire western coastline of northern Sumatra for the first 13 months 
following the tsunami (Liew et al., 2010).  Satellite image analysis and field surveys show that 
the rate of accretion slowed after 2006 and that the coast started to retreat after 2011 without 
having fully recovered to its pre-2004 position.  It appears that the coast first stabilized between 
2009 and 2011, and is now working towards a new equilibrium.  As the coast has been 
recovering, it has simultaneously been experiencing postseismic uplift since late 2005.  The 
coastal profile change is a result of normal coastal processes responding to a profile altered by 
subsidence and erosion, varying sediment supply, and postseismic uplift.   
 
4.1 Coastal response to land level changes and sediment supply 
Shoreline retreat or progradation is controlled by sediment supply and accommodation 
space, the space available for sediment deposition (Figure 27a).  In most coastal settings, there is 
more accommodation space for sediment deposition below sea level compared to above (Coe et 
al., 2003).  Sediment generally is not being transported farther offshore to deeper depth but is 
first deposited in the shallow marine environment.  The upper shoreface is the most energetic 
nearshore environment causing the sediment to be shifted around but not to be transported 
offshore. The shallow-marine environment is thus very sensitive to changes in sediment supply 
and profile changes that affect accommodation space.  Uplift causes a relative sea level fall, 
reducing accommodation space, which causes progradation, a seaward migration of the shoreline 
(regression) (Figure 27b).  In addition, the shoreline will be moved down the dynamic profile.  
Subsidence causes a relative sea level rise, increasing accommodation space, which causes 
coastal retreat, the coastline shifting landward (transgression), if sediment supply is low (Figure 











Figure 27. Coastal response related to sediment supply and relative sea level change caused by 
subsidence and uplift.  a) As uplift occurs, there is a relative sea level fall which results in a 
reduction of accommodation space in the shallow marine environment. b) Sea level fall normally 
results in progradation.  c) Sea level rise causes an increase in accommodation space.  If coupled 
with a decrease in sediment supply, the coastline moves landward.  d) Increased accommodation 















4.2 Regrowth of the coast following the 2004 earthquake and tsunami 
 Rapid growth following the extreme shoreline retreat in 2004 can be explained by 
sediment that was stored offshore after the tsunami being transported back to the shore by 
regular coastal processes.  The sediment was most likely temporarily stored offshore in a bar and 
quickly returned to the upper shoreface (Personal communication with Peter Ruggiero at the US 
Geological Survey in CA; Meilianda et al., 2010).  As the sediment stored in the bar was 
completely reworked, the rate of coastal recovery decreased.  Coastal recovery related to strong 
hurricanes follows a similar pattern. The coastline normally involves a dramatic resurgence and 
then a slower, longer period of coastal stabilization over months to years following the event 
(Gibeaut et al., 2001).  Often the recovery remains incomplete and the new shoreline is found 
landward of its initial position.  Subsidence, causing a relative sea level rise, controlled regrowth 
of the coastline in the form of a tall, wide beach ridge.  The new ridge height, which is 80 cm 
higher than older beach ridges, matches the amount of coseismic subsidence.   
 
4.3 Retreat of the coastline in most recent years 
While the monsoon period causes seasonal differences in the coast by eroding and 
accreting at different times of the year (see section 3.3.5, Figure 24), this cannot fully explain the 
most recently observed retreat of the coastline.  Retreat would only be apparent during the more-
energetic SW monsoon; however, retreat has been measured on images taken in December and 
January during the NE monsoon.  Also, retreat observed in the field has increased over time 
which is not expected from seasonal variations.   
With coastal uplift occurring in this area since late 2005, we would expect the coast to 
continue to accrete as it had until 2011, and to establish a lower profile.  The coastal model 
shows progradation of the shoreline accompanied by a typical erosional profile when applying a 
relative sea level fall (see section 3.3.6, Figure 25).  There is movement of the shoreline seaward 
with sediment eroding from above the waterline and moving offshore, as is expected over a 
longer time scale (Figure 27b).  Simulation of relative sea level fall with changes to offshore 
sediment transport does provide more insight into possible causes of the most recent retreat.  





depleted (see section 3.3.7, Figure 26).  When sediment supply is exhausted, the profile can no 
longer build out seaward and starts to retreat.   
Before uplift occurred, there was increased accommodation space due to coastal 
subsidence of approximately 80 cm.  When uplift began, accommodation space started to 
decrease but coseismic relative sea level rise of 80 cm still surpasses 24 cm of postseismic uplift 
since late 2005, resulting in a larger accommodation space relative to pre-tsunami conditions.  If 
sediment supply is insufficient to keep up with the increased accommodation space, the coastline 
is unable to recover and starts to retreat as observed in our field area.   
 
4.4 Reasons for a shortage in sediment supply 
The shoreline never recovered to its pre-tsunami position, even before it started to retreat, 
indicating permanent sediment loss. A significant amount of sediment was deposited onshore by 
the tsunami as a sand sheet up to 50 cm thick near the shore and thinning inland to a few cm at a 
1.8 km distance (Monecke et al., 2008).  The sand deposited onshore has multiple sources 
including the beach, sediment exposed and incorporated into the wave onshore, and sediment 
with a distinct marine source (Moore et al., 2006).  Sediment within the wave was taken offshore 
during the backwash of the tsunami (Paris et al., 2007).  If that sediment was taken past the depth 
of closure, it could take decades to return to the coast.  The new beach ridge that stands 80 cm 
higher than the older beach ridge also required a significant amount of sediment, contributing to 
sediment loss in the system. 
Meilianda et al. (2010), examining post-tsunami coastal recovery in northern Aceh until 
2007, saw similar behavior.  Ulee Lheue’s coast continued to erode another 15% of the total 
sediment lost during earthquake induced subsidence and the tsunami. Accretion occurred on the 
coast shortly after the tsunami but was followed six months later by erosion.  A possible cause 
for such a pattern is that the coast is a sediment poor environment (Meilianda et al., 2010).  
Following the tsunami, normal coastal processes were unable to react fast enough and the lack of 
sediment in the system prohibited full regrowth.  At Lampu Uk, the coast is more sediment rich, 
and within the two year study recovered approximately 60% of the total sediment volume lost.  





been transported back to the shoreline, but it fell short of what was necessary for a complete 
recovery. 
Considering the entire beach ridge plain, the pattern of ridges and swales indicates long-
term progradation; this can only occur if there is enough sediment.  Therefore, while not 
normally a sediment poor environment, the redistribution of nearshore sediment by the tsunami 
and the building of a higher beach ridge have probably resulted in an overall loss of sediment.  
There is a significant amount of clear cutting for palm oil plantations occurring further inland 
along the Woyla River (Figure 28).  Erosion of the land after clear cutting would increase 
sediment supply.  In the future if sediment supply increases and accommodation space 
continuously decreases due to postseismic uplift, the coast will stabilize and eventually start to 
prograde again.   
 
 
Figure 28. Palm tree plantations along the Woyla River.  The natural forest is clear cut or burned 
to plant the palm trees, exposing the orange/red fine grained sediment that is eroded and 









5 Conclusion and future work 
Quantifying the coastal changes along the Acehnese coastline through satellite image 
analysis and field surveys after the 2004 earthquake and tsunami shows how the coast has 
responded to land level changes and tsunami inundation.  Coastal modeling has proved to be a 
useful tool in understanding this response.  It is difficult to extract relationships between 
different coastal processes from the field data but the model allowed experimentation with 
different parameters so that individual influences could be distinguished.  Furthermore, reduced 
sediment supply was identified as the main factor of the recent coastal retreat. 
Future work would benefit from current and precise bathymetry to develop a more robust 
equilibrium profile.  A more stable equilibrium profile would be preferable and could be used to 
test parameters that can cause accretion.  Further exploration of the current sediment input from 
the Woyla River would give a more accurate picture of sediment supply to the area.  More 
specific wave data from the field area and grain size analysis of sediment from the seabed would 
improve the accuracy of the model input.  Discovering the causes of the instabilities seen in 
certain model runs would let us reexamine previously failed runs.  Understanding how the model 
handles sediment input above the water line would also provide a better picture of the 
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(i) Code from filter_tideDate.py 
1. """  
2. last edited on 10/22/13  
3. Caroline Templeton  
4. Filters raw tide data to reduce data, find missing data points, and replace  
5. outliers.  Ulitmately returning data that has been corrected to the tidal datum.  
6. """   
7.    
8. #necessay imports   
9. from scipy import stats   
10. import csv    
11. import time as timeC   
12.    
13. """  
14. Reads water level data and time data from csv document.  
15. Inserts into two lists.  
16. """   
17. def read_data():   
18.     f = csv.reader(open('Nov2009_Oct2010.csv', 'rU'))  #change to name of document   
19.     temp = f.next()   
20.     temp2 = f.next()   
21.     time1 = []   
22.     height = []   
23.     total = 0   
24.     num = 0   
25.     values = 'true'   
26.     for i,d in enumerate(f):   
27.         dateTime = d[0].split(' ')   
28.         day = dateTime[0]   
29.         if len(day) == 1:   
30.             day ='0' + day   
31.         time2 = dateTime[1]   
32.         dateTime = timeC.strptime(day+' ' +time2,'%m/%d/%y %H:%M')   
33.         t = timeC.mktime(dateTime)   
34.         if len(d) == 1 or len(d[1]) == 0:   
35.            values = 'false'   
36.         else:   
37.             time1.append(t)   
38.             hei = float(d[1])   
39.             total = total + hei   
40.             num += 1   
41.             height.append(hei)   
42.     mean = total/float(num)   
43.     return time1, height, mean   
44.    
45.    
46. """  
47. Finds missing data by making sure there is a data point at every minute.  
48. If the data point is missing it is added to the lists as an average.  
49. """   
50. def findMissingData(time,height):   
51.     timeFixed = []   
52.     heightFixed =[]   
53.     n = 0   
54.     timeFixed.append(time[n])   
55.     heightFixed.append(height[n])   





57.         n += 1   
58.         lastTime = time[n-1]   
59.         timeDiff = (time[n] -lastTime)         
60.         while (timeDiff >= 61):  #1 minute   
61.             newTime = lastTime+60.0   
62.             timeFixed.append(newTime)   
63.             heightFixed.append(mean)   
64.             timeDiff =time[n] - newTime   
65.             lastTime = newTime   
66.         timeFixed.append(time[n])   
67.         heightFixed.append(height[n])   
68.     return timeFixed, heightFixed   
69.                
70. """  
71. Reduces data by removing all data except that at the top of the hour.  
72. """   
73. def shortenData(time, height):   
74.     n = 1   
75.     newTime = [time[0]]   
76.     newHeight = [height[0]]   
77.     lastTime = time[0]   
78.     while (n < len(time)-1):   
79.         if(time[n] == lastTime+3600.0):   
80.             newTime.append(time[n])   
81.             newHeight.append(height[n])   
82.             lastTime = time[n]   
83.         n += 1   
84.     return newTime, newHeight   
85.    
86. """  
87. Finds the next predicted point using linear regression  
88. """   
89. def predNextPoint(time, height,pos):   
90.     slope, intercept, r_value, p_value, std_err = stats.linregress(time,height)   
91.     findY =slope*pos + intercept   
92.     return findY, slope   
93.    
94. """  
95. Finds outliers by comparing the predicted point to the next point  
96. and by making sure points are within an expextd range.    
97. """   
98. def findOutliers(time, height):   
99.     timeSubset = time[:4]   
100.     heightSubset = height[:4]   
101.     fixedHeight = height   
102.     nB = 0   
103.     nE = 4   
104.     while (nE <= len(time)-1):   
105.         actualY = height[nE]   
106.         pos = time[nE]   
107.         nextY, slope = predNextPoint(timeSubset, heightSubset, pos)   
108.         diff = abs(actualY - nextY)   
109.         timeSubset.pop(0)   
110.         heightSubset.pop(0)   
111.         if diff > 0.3:  #linear regression interval   
112.             fixedHeight[nE]=mean   
113.             heightSubset = height[nE+1:nE+5]   
114.             timeSubset = time[nE+1:nE+5]   
115.             nE = nE + 5   
116.         else:   





118.             heightSubset.append(actualY)   
119.             nE += 1   
120.     for i,d in enumerate(fixedHeight):   
121.         interval = abs(d - mean)   
122.         if interval > 2.0:  #height interval   
123.             fixedHeight[i] = mean   
124.     return fixedHeight   
125.    
126. """  
127. Finally the data is corrected by finding the avearge of all good data points.  
128. Missing data and outliers were then replaced with this average.  
129. All points were than subtracted from the datum to create and average  
130. sea level of zero.  
131. """   
132. def correctData(time, height, prevMean):   
133.     total = 0   
134.     num = 0   
135.     for i, d in enumerate(height):     
136.         if d != prevMean:   
137.             num += 1   
138.             total = total + d   
139.     mean = total/float(num)   
140.     n = 0   
141.     for i,d in enumerate(height):   
142.         if d == prevMean:   
143.             height[i] = 0   
144.         else:   
145.             print i, height[i]   
146.             height[i] = d-mean   
147.     startTime = time[0]   
148.     for i,d in enumerate(time):   
149.         time[i] = (d-startTime)/86400.0   
150.     return time, height   
151.    
152. #Read data from file and create lists   
153. time, height, mean = read_data()   
154.    
155. #Find the missing data and return new lists with data points at every minute   
156. fixedTime, fixedHeight = findMissingData(time,height)   
157.    
158. #Reduces the data set and returns new lists with only 1 point at every hour   
159. shortTime, shortHeight = shortenData(fixedTime, fixedHeight)   
160.    
161. #Finds outliers and returns the new height list   
162. fixedHeight = findOutliers(shortTime,shortHeight)   
163.    
164. #Corrects the data for the datum and returns the final lists   
165. finalTime, finalHeight = correctData(shortTime, fixedHeight, mean)   
166.    
167. """  
168. the data is written out to a new file with the time and correspoding water heigh
t  
169. """   
170. n = 0   
171. g = open('Nov2009_Oct2010_filtered.csv','w')  #change to doc name of desired out
put   
172. while (n <= len(fixedHeight)-1):   
173.     g.write(str(finalTime[n]) + ',')   
174.     g.write(str(finalHeight[n]) + '\n')   
175.     n += 1   









name of file description
UBC Files The wave and tidal parameters in time series.
waveTide original Netherlands data that came with model
waveTide2 adaption of waveTide with mistakes
waveTide3 adaption of waveTide with mistakes
waveTide4 adaption-- 30 days Sumatra period, height, and angle
waveTide5
Sumatra, 12.5 day cycle. Data of period(Tp), height(Hs) and angle from "initial modeling of 
hydraulic conditions" near Meulaboh--year average. Sea level taken from 10 days of Aug 2012 
averaged to every 3 hours. Calculated with mean tide in that period.  103 and 73 degrees 
respectively.
waveTide6
changed wave angle to be between x-axis and angle in respect to North. 17 and -13 degrees 
respectively
waveTide7 repeat cycle twice
waveTide8
65% wave angle -17, rest 13, separated into realistic storm lengths, 1/2 day intervals.  No 
cycle.  
wave1 blocked 0-0.49 day intervals, same data as waveTide8
wave2 switch positive and negative angles. +17, -13 degrees
wave3 only used storm conditions (wave Hs>1 and Tp>14)
wave4 very stormy Hs>1.5 and Tp>15
wave5 Hs=2.5 and Tp=18
wave6 50 days of wave2 repeated to 365 days
waveB1
365 days normal created from modeled data. Storms above Hs = 2 and 1.5 m.  12 hours to 2 
day intervals, randomly placed
waveB2 looks the same as waveB1, not used in any files.  (probably made by accident)
waveB3 waveB1 but period for the 365 days
waveB4 Hs to Hrms with period of 365 days
tide1 19 day cycle
tide2 point from every 60 lines taken from Feb22 to March 24, 718 lines, no outliers, average=5.508
tideB1 made from filter_tideData.py from Nov 2009 to Oct2010 tide data
tideB2 decreased tideB1 by 0.03 m over 1 year to simulate uplift (plate_changes folder)
tideB3 like tideB1 but period changed for the 365 days
tideB4 like tideB2 but period changed for the 365 days
tideB5 like tideB2 but 0.03 m drop applied over 8 years 






BOT Files The initial profile for a run and the bounding area for erosion 
iniProfA1
simple bathymetry from hazard map and a few points from auto-survey.  0 is at the MWL for 
the short 10 day period in Aug.  hazard
FixProfA1 same as iniProfA1 .  Read error---wouldn't compute (needs to be farther down) hazard
FixProfA2 edited FixProfA1 with slightly lower profile hazard
iniProfA2 made x finish at zero hazard
iniProfA3 ending x-->4,891 hazard
FixProfA3 ending x-->5,000 hazard
iniProfA4 changed to reflect new MWL from Aug 2012 made in tide1, added utm46 coordinates hazard
iniProfA5 bathymetry replaced with dean equation, median grain size 0.288mm, A=0.121m^(1/2) hazard
fixProfA4 20 m further down the slope of iniProfA5 hazard
iniProfB1 2009 transect connected to dean A=0.0936 smoothed at -5 m to connect to bathymetry. hazard 
fixProfB1 same as iniProfB1 but 5m further depth until -4.4m mark which is fixed.  hazard 
fixProfB2 fixed above 0 hazard 
iniProfB2 no berm, foreshore slope connected to dean profile hazard 
fixProfB3 only last point at -5.6 is fixed hazard 
iniProfB3 no berm, second slope farther inland hazard 
fixProfB4 point 32.7 m is fixed hazard 
iniProfB4 top of berm extended as beach face hazard 
iniProfC1 line 6_3 from -10 m depth, with transect 2009 from 0 to 1 m -- gap is just connected usgs
fixProfC1 added 10 m depth to iniProfC1 usgs
iniProfC2 uses STIDW_3 instead: other was the same as C1 usgs
fixProfC2 added 10 m depth to iniProfC2 usgs
iniProfC3 line5, dean profile A=0.122041, and inland slope usgs
fixProfC3 added 50 m depth usgs
fixProfC4 fixed profile above high tide usgs
iniProfC4 line5, dean profile, topo survey from iniProfB4, flat beach usgs
iniProfD1 created with equilibrium of last day of utc_baseC6 usgs
iniProfD2 bathymetry data from Widjo of field area(Navy), inland slope from 2009 survey connected. navy
iniProfD3 equilibrium profile of iniProfD2 after 5 years using utc_baseD6 taken from bottomheightD6.csv navy
iniProfD4 same as D3 but with meter increments of 6m (didn't look the same in the model) navy
iniProfD5 same as D3 but with meter increments of 7m (didn't look the same in the model) navy
iniProfD6 same as D3 but the meter increments are related to the grid units set in the ubc file navy
iniProfD7 same as D1 but the x-axis was fixed to reflect the grid units so it isn't distorted usgs
iniProfD8 equilibrium profile of utc_baseB13 using iniPorfB4 hazard
iniProfD9 equilibrium profile of utc_based15 using iniPorfB4 (must have exported the wrong thing) hazard
iniProfD10 equilibrium profile of utc_based15 using iniPorfB4 (correct) hazard
iniProfE1 equilibrium profile of utc_basedE8 using iniProfC3 usgs
iniProfE2 equilibrium profile of utc_basedE18 using iniProfC3 usgs
iniProfE3 equilibrium profile of utc_basedF1 using iniProfC3 usgs
iniProfE4 equilibrium profile of utc_basedF5 using iniProfC3 usgs
iniProfE5 equilibrium profile of utc_basedF4 using iniProfC3 usgs
iniProfE6 equilibrium profile of utc_basedG1 using iniProfC3 usgs
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